We have investigated the superconducting ground state of the newly discovered superconductor ThFeAsN with a tetragonal layered crystal structure using resistivity, magnetization, heat capacity and transverse-field (TF) muon-spin rotation (µSR) measurements. Our resistivity and magnetization measurements reveal an onset of bulk superconductivity with Tc ∼ 30 K. The heat capacity results show a very small anomaly, ∆C ele ∼0.214 (J/mol-K) at Tc ∼ 30 K and exhibits exponential behavior below Tc, which fits better to two superconducting gaps rather than a single gap. Further a nonlinear magnetic field dependence of the electronic specific heat coefficient γ(H) has been found in the low temperature limit, which indicates that the smaller energy gap is nodal. Our analysis of the TF-µSR results shows that the temperature dependence of the superfluid density is better described by a two-gap model either isotropic s+s-wave or s+d-wave than a single gap isotropic s-wave model for the superconducting gap, consistent with other Fe-based superconductors. The combine γ(H) and TF-µSR results confirm s+d-wave model for the gap structure of ThFeAsN. The observation of two gaps in ThFeAsN suggests multiband nature of the superconductivity possibly arising from the d-bands of Fe ions. Furthermore, from our TF-µSR study we have estimated the magnetic penetration depth, in the polycrystalline sample, of λL(0) = 375 nm, superconducting carrier density ns = 4.6 × 10 27 m −3 , and carrier's effective-mass m * = 2.205me. We will compare the results of our present study with those reported for the Fe-pnictide family of superconductors.
We have investigated the superconducting ground state of the newly discovered superconductor ThFeAsN with a tetragonal layered crystal structure using resistivity, magnetization, heat capacity and transverse-field (TF) muon-spin rotation (µSR) measurements. Our resistivity and magnetization measurements reveal an onset of bulk superconductivity with Tc ∼ 30 K. The heat capacity results show a very small anomaly, ∆C ele ∼0.214 (J/mol-K) at Tc ∼ 30 K and exhibits exponential behavior below Tc, which fits better to two superconducting gaps rather than a single gap. Further a nonlinear magnetic field dependence of the electronic specific heat coefficient γ(H) has been found in the low temperature limit, which indicates that the smaller energy gap is nodal. Our analysis of the TF-µSR results shows that the temperature dependence of the superfluid density is better described by a two-gap model either isotropic s+s-wave or s+d-wave than a single gap isotropic s-wave model for the superconducting gap, consistent with other Fe-based superconductors. The combine γ(H) and TF-µSR results confirm s+d-wave model for the gap structure of ThFeAsN. The observation of two gaps in ThFeAsN suggests multiband nature of the superconductivity possibly arising from the d-bands of Fe ions. Furthermore, from our TF-µSR study we have estimated the magnetic penetration depth, in the polycrystalline sample, of λL(0) = 375 nm, superconducting carrier density ns = 4.6 × 10 27 m −3 , and carrier's effective-mass m * = 2.205me. We will compare the results of our present study with those reported for the Fe-pnictide family of superconductors. 
I. INTRODUCTION
In a conventional superconductor, the binding of electrons into the paired states, known as the Cooper pairs, that collectively carry the supercurrent is mediated by lattice vibrations or so called phonons. This is the fundamental principle of the Bardeen-Cooper-Schrieffer (BCS) theory 1 . However, the BCS theory often fails to describe the superconductivity (SC) observed in strongly correlated materials. Several strongly correlated superconducting materials, having magnetic f − or d − electron elements, exhibit unconventional SC and various theoretical models based on magnetic interactions (magnetic glue) and spin fluctuations have been proposed to understand these superconductors 2, 3 . Gauge symmetry is broken in the case of conventional BCS superconductors and other symmetries of the Hamiltonian are broken for unconventional superconductors in the superconducting state. BCS superconductors can also show gap anisotropy, although they remain nodeless and the gap does not change sign over the Fermi surface, while unconventional superconductors may have nodes (zeros) in the gap function along certain directions and the location of the nodes is closely associated with the pairing symmetry. Therefore investigation of the superconducting gap structure of strongly correlated f − and d − electron superconductors is very important for understanding the physics of unconventional pairing mechanisms in these classes of materials.
Unconventional superconductivity has been observed in high-temperature cuprates 4 , iron pnictides 5 and heavy fermion materials 6 , which have strong electronic correlations and quasi-two-dimensionality. Interestingly superconductivity in the iron based materials emerges after doping electrons/holes into an antiferromagnetic parent compound 5 , for example, LaFeAsO 1−x F x (1111 family) 7, 8 , BaFe 2−x Co x As 2 (122 family) 9 , NaFe 1−x Co x As (111 family) 10 , FeTe 1−x Se x (11 family) 11, 12 and Ca 1−x La x FeAs 2 (112 family) 13, 14 etc. Some special systems are self-doped by the ion deficiency, such as LaFeAsO 1−δ 15 and Li 1−δ FeAs 16 . It is interesting that in the 1111 family of Fe-based materials, superconductivity can be induced by chemical substitution (i.e. electron and hole-doping) on any atomic site, for example an antiferromagnetically ordered ground state in LaFeAsO is transformed into a superconducting ground state with fluorine and hydride doping on the oxygen site (e.g.,
It is of great interest to explore possible unconventional superconductivity in stoichiometric Fe-based layers materials, having a tetragonal crystal structure, with significant electron correlations. Recently, the first nitride iron pnictide superconductor ThFeAsN, containing layers with nominal compositions [Th 2 N 2 ] and [Fe 2 As 2 ] (inset of Fig.1) , has been discovered, with T c = 30 K for the nominally undoped compound 21 . The transition temperature of this newly discovered material is as high as electron-doped 111-based superconductors and another newly discovered stoichiometric superconductors ACa 2 Fe 4 As 4 F 2 (A=K, Rb and Cs, T c ∼ 30 K) 22, 23 . Although the first-principle calculations of ThFeAsN indicates the lowest energy magnetic ground state is the stripe-type antiferromagnetic state 24, 25 , the normal state resistivity shows no obvious magnetic anomaly, but only metallic behavior down to 30 K 21 . The self-doping effect, which arises due to covalent N-N bonding that reduces the effective nitrogen valence, may be responsible for the superconductivity and complete suppression of the magnetic order in this material. Any further electron doping by substituting N with O or hole doping by substituting Th with Y only suppress the superconducting T c . The DFT calculations of ThFeAsN shows approximately nested hole and electron Fermi surfaces of Fe d character involving the xz; yz and xy orbitals, indicating strong similarity to the other Fe-pnictide families of superconductors 24, 25 . ThFeAsN shares similar electronic structure and magnetic properties to those of LaOFeAs 25 . The calculated bare susceptibility χ 0 (q) of ThFeAsN peaks at the M-point, suggesting perfect nesting between the hole-like and electron-like fermi surface with vector q = (π, π, 0), similarly to other FeAs-based superconductors 25 . Further, the non-magnetic ground state of ThFeAsN down to 2 K has been confirmed through neutron powder diffraction measurements 26 and a 57 Fe Mössbauer spectroscopy study on polycrystalline samples 27 .
In addition to all the existing information, it is important to understand the superconducting and magnetic properties of ThFeAsN in a microscopic level. The transverse field (TF) muon spin rotation and relaxation (µSR) measurements provide direct information on the nature of the superconducting gap symmetry and absolute value of the magnetic penetration depth. We therefore have investigated the superconducting properties of ThFeAsN using the bulk properties and TF-µSR measurements. Our study of the TF-µSR shows that the temperature dependence of the superfluid density is better described by a two-gap isotropic s+s-wave model than a single gap isotropic s-wave model. 
II. EXPERIMENTAL DETAILS
A polycrystalline sample of ThFeAsN was synthesized by the solid state reaction method as described by Wang et al. 21 . The sample was characterized using powder xray diffraction (XRD), electrical resistivity, magnetic susceptibility and heat capacity measurements. The resistivity and heat capacity were measured using a Quantum Design Physical Property Measurement System (PPMS) between 1.5 and 300 K. Temperature dependent resistivity from 2 K to 300 K was measured by standard 4-probe method. The heat capacity was measured by standard thermal relax method with a sample m = 18 mg. The DC magnetization of the same sample was measured on a Quantum Design Magnetic Property Measurement System (MPMS).Muon spin relaxation/rotation (µSR) experiments were carried out on the MUSR spectrometer at the ISIS pulsed muon source of the Rutherford Appleton Laboratory, UK 28 . The µSR measurements were performed in transverse−field (TF) mode. A pellet (12mm diameter) of polycrystalline sample ThFeAsN was mounted on a silver (99.999%) sample holder. Hematite (α-Fe 2 O 3 ) slabs were placed just after the sample to reduce the background signal. The sample was cooled under He-exchange gas in a He-4 cryostat operating in the temperature range of 1.5 K−300 K. F−µSR experiments were performed in the superconducting mixed state in an applied field of 400 G, well above the lower critical field of H c1 ∼ 30 G of this material. Data were collected in the field−cooled (FC) mode, where the magnetic field was applied above the superconducting transition temperature and the sample was then cooled down to base temperature. Muon spin rotation and relaxation is a dy- namic method that allows one to resolve the nature of the pairing symmetry in superconductors 29 . The vortex state in the case of type-II superconductors gives rise to a spatial distribution of local magnetic fields; which demonstrates itself in the µSR signal through a relaxation of the muon polarization. The data were analyzed using the free software package WiMDA 30 .
III. RESULTS AND DISCUSSIONS
The analysis of the powder x-ray diffraction at 300 K reveals that the sample is single phase and crystallizes in the ZrCuSiAs-type tetragonal crystal structure with space group P 4/nmm (No. 129, Z = 2) as shown in the inset of Fig. 1 . The refined values of the lattice parameters are a = 4.0367(2)Å and c = 8.5262(2)Å. The layered structure of ThFeAsN is shown in the inset Fig.1 perpendicular to the c-axis, where separated layers of Th and N ions at the bottom and top of the unit cell (along the c-axis) can be seen. The As and Fe layers are at half way along the c-axis. The Fe and As ions form tetrahedrons with two As-Fe-As bond angles α∼107.0
• and β∼114.5
• at 300 K. The layered structure of ThFeAsN is very similar to other 1111 family of iron-pnictide superconductors 31 .
The electrical resistivity reveals a sharp drop below 30 K followed by zero-resistivity indicating the onset of superconductivity with T c = 30 K. In zero field, the temperature dependent resistivity of ThFeAsN is metallic and exhibits a power low behavior ρ = ρ 0 +a*T n with n∼ 1.3 between T c and 150 K, indicating non-Fermi-liquid behavior 26 . The low-field magnetic susceptibility measured in an applied field of 5 G shows an onset of diamagnetism below 30 K indicating that the superconductivity occurs at 30 K and the superconducting volume fraction is close to 100% at 5.0 K [ Fig. 2(b) ]. This result confirms the bulk nature of superconductivity with T c = 30 K in ThFeAsN, which is comparable to T c = 26 K observed in fluorine-doped LaFeAsO 32 . Very similar behavior of the resistivity and magnetic susceptibility has been reported for ThFeAsN by H. Mao et al. 26 .
The magnetization isotherm M (H) curve at 5 K [inset of Fig. 2(b) ] shows typical behaviour for type-II superconductivity. The lower critical field H c1 obtained from the M vs H plot at 5 K is 30 G. The upper critical field H c2 = 80 kG at 26 K (with slope dH/dT∼-2.4T/K) has been estimated using field dependent resistivity measurements 33 compared to the Pauli limit, µ 0 H P = 18.4T c = 552 kG (55.2 T) 34 . At the superconducting transition, the jump in (C/T ) at T c , ∆(C/T c ) = 25 (mJ/mol K 2 ), which is a factor 2.78 larger than 9 (mJ/mol K 2 ) observed in LaFeAsO and SmFeAsO polycrystalline samples 35 . The dimensionless specific heat jump is ∆C/γT c =0.031, which is smaller than the simple s−wave BCS prediction 1.43 36 and also smaller than 2.2 observed in K 2 Cr 3 As 3 37 . On the other hand the heavy fermion superconductors exhibit very large jumps in the heat capacity at T c . For example, ∆C/γT c values are 4.5 in CeCoIn 5 and 2.7 UBe 13 and 5.7 (at 2.58 GPa) in CeIrSi 3 38-40 . We have estimated the electronic contribution (C ele ) to the heat capacity below T c by estimating the phonon contribution above T c and subtracting from the total heat capacity. We have fitted the heat capacity data above T c to C p = γT + βT 3 . The fits yield, γ = 0.248 (mJ/(mol-K 2 ) and β = 1.44 × 10 −4 (mJ/(mol-K 4 ). Using this value of β we have estimated the Debye temperature, Θ D = 425 K, which is comparable to Θ D = 280 K for LaFeAsO 41 and 325 K for LaFeAsO 0.89 F 0.11 42 . The electronic heat capacity below T c was analyzed using one gap and two gaps models. The estimated value of the gaps are: ∆(0) = 4.36 meV for the one gap model and ∆ 1 (0) = 6.38 meV and ∆ 2 (0) = 1.98 meV for the two gaps model. The values of χ 2 are 0.997 for one gap and 0.993 for two gaps models, which indicates that the two gaps model fits better to the experimental data. This finding is in agreement with our µSR analysis discussed below. To shade light on the nature of gap symmetry we have carried out field dependent heat capacity measurements up to 16 T field. The γ (H) was estimated by plotting C/T vs T 2 and extrapolating to T∼0 K. The estimated γ (H) at T∼0 K exhibits a nonlinear magnetic field dependence, but at 7 K it shows linear field dependence. The non-linear behavior, γ (H)∼H 0.65 , found in the low temperature limit indicates the nodal behavior of the smaller energy gap. A very similar behavior of γ (H)∼H 0.5 has been observed in LaFeAsO 0.9 F 0.1 by Gang et al., 35 that has been attributed to the nodal gap structure.
Figures 3 (a) and (b) show the TF−µSR precession signals above and below T c obtained in FC mode with an applied field of 400 G (well above H c1 ∼ 30 G but below H c2 ∼ 80 kG, at 26 K). The observed decay of the µSR signal with time below T c is due to the inhomogeneous field distribution of the flux-line lattice. We have used an oscillatory decaying Gaussian function to fit the TF−µSR time dependent asymmetry spectra, which is given below,
where A 1 is the muon initial asymmetry and ν 1 is the frequency of the muon precession signal associated with the full volume of the sample. The frequency associated with muon precession on the Hematite (on which the sample pellet was mounted) is very high (209 MHz or 15.48 kG) and is out of the time window of the MUSR spectrometer at the ISIS facility 43 . Further the both frequency and relaxation rate of Hematite are temperature independent below 100 K 43 . In Eq.
(1) the first term contains the total relaxation rate σ from the superconducting fraction of the sample; there are contributions from the vortex lattice (σ sc ) and nuclear dipole moments (σ nm ), where the latter is assumed to be constant over the entire temperature range [where σ = (σ 2 sc + σ 2 nm )]. The contribution from the vortex lattice, σ sc , was determined by quadratically subtracting the background nuclear dipolar relaxation rate obtained from the spectra measured above T c . As σ sc is directly related to the superfluid density, it can be modeled by [44] [45] [46] 
where Figure 4 (a) shows the temperature dependence of σ sc , measured in an applied field of 400 G collected in FC mode. The FC mode is thermodynamically stable and provides direct information on the nature of the fluxline lattice. The temperature dependence of σ sc increases with decreasing temperature confirming the presence of a flux-line lattice and indicates a decrease of the magnetic penetration depth (λ 2 ∼ 1 σsc ) with decreasing temperature. The onset of diamagnetism below the superconducting transition can be seen through the decrease in the internal field below T c as shown in Fig. 4(b) . From the analysis of the observed temperature dependence of σ sc , using different models for the gap, the nature of the superconducting gap can be determined. We have analyzed the temperature dependence of σ sc based on four different models for the superconducting gap: an isotropic swave gap model, an isotropic s+s-wave two-gap model, anisotropic s-wave model and a d-wave line nodes model. We have also fitted the data using a s+d-wave two-gap model. The fits to the σ sc (T ) data of ThFeAsN with various gap models using Eq. (2) are shown by lines (dashed, dotted and solid) in Fig. 4(a) and the estimated fit parameters are given in Table. I. It is clear from Fig. 4(a) data. On the other hand the isotropic s-wave, s+s-wave, s+d-wave and anisotropic s-wave models show good fits to the σ sc (T ) data. However, upon examining the agreement with the low temperature upturn in the data, it is clear that only two models which explain this feature are the isotropic s+s-wave and s+d-wave two-gap models. Further support of the s+s-and s+d-wave models can be seen through goodness of the fit χ 2 given in Table. I. The value of χ 2 = 1.4 for these models is the lowest. The estimated parameters for the s+s-and s+d-wave models show one larger gap ∆ 1 (0) = 5.2±1 (meV) and another much smaller gap ∆ 2 (0) = 0.3±1 (meV). The smaller gap is a nodal gap for s+d-wave model. Our µSR analysis alone cannot distinguished between the s+s-and s+d-wave models, but combining the results of field dependent heat capacity, we conclude that the s+d-wave model is the best to explain observed be- . The multigap and d-wave order parameters are universal and intrinsic to cuprate superconductors 54, 55 , while Cr-based superconductors, A 2 Cr 3 As 3 (A = K and C) exhibit a nodal gap 56, 57 . Furthermore, the large value of 2∆ 0 /k B T c = 4.29 ± 0.2 indicates the presence of strong coupling and unconventional superconductivity in ThFeAsN. The two superconducting gaps (one larger and another smaller) were also observed in SrFe 1.85 Co 0.15 As 2 , with T c = 19.2 K in the STM study 58 . Moreover combined ARPES and µSR studies on Ba 1−x K x Fe 2 As 2 with T c = 32.0 K also reveal the presence of two gaps (∆ 1 = 9.1 meV and ∆ 2 = 1.5 meV) 59 . The muon spin depolarization rate (σ sc ) below T c is related to the magnetic penetration depth (λ). For a triangular lattice, 62 . As with other phenomenological parameters characterizing a superconducting state, the penetration depth can also be related to microscopic quantities. Using London theory 60 ,
where m * = (1 + λ e−ph )m e is the effective mass and n s is the density of superconducting carriers. Within this simple picture, λ L is independent of magnetic field. λ e−ph is the electron-phonon coupling constant, which can be estimated from Θ D and T c using McMillan's relation 63 λ e−ph = 1.04+µ * ln(ΘD/1.45Tc)
(1−0.62µ * ) ln(ΘD/1.45Tc)+1.04 , where µ * is the repulsive screened Coulomb parameter and usually assigned as µ * = 0.13. For ThFeAsN, we have used T c = 28.1 K and Θ D = 425 K , which together with µ * = 0.13, we have estimated λ e−ph = 1.205. Further assuming that roughly all the normal state carriers (n e ) contribute to the superconductivity (i.e., n s ≈ n e ), we have estimated the magnetic penetration depth λ, superconducting carrier density n s , and effective-mass enhancement m * to be λ L (0) = 375 nm (from the s+d wave fit), n s = 4.6×10 27 carriers/m 3 , and m * = 2.205m e , respectively. The correlation between T c and σ sc observed in µSR studies has suggested a new empirical framework for classifying superconducting materials 64 . Here we explore the role of muon spin relaxation rate/penetration depth in the superconducting state for the characterisation and classification of superconducting materials as first proposed by Uemura et al. 64 . In particular we focus upon the Uemura classification scheme which considers the correlation between the superconducting transition temperature, T c , and the effective Fermi temperature, T F , determined from µSR measurements of the penetration depth 65 . Within this scheme strongly correlated "exotic" superconductors, i.e. high T c cuprates, heavy fermions, Chevrel phases and the organic superconductors, form a common but distinct group, characterised by a universal scaling of T c with T F such that 1/10> (T C /T F ) >1/100 (Fig. 5) . For conventional BCS superconductors 1/1000> (T c /T F ). Considering the value of T c /T F = 30/4969.4 = 0.006 for ThFeAsN (see Fig. 5 ), this material can be classified as not an exotic superconductor, but very close to this limit, according to Uemura's classification 64 . 
IV. CONCLUSIONS
In conclusion, we have presented the resistivity, magnetization, heat capacity and transverse field (TF) muon spin rotation (µSR) measurements in the normal and the superconducting state of ThFeAsN, which has a tetragonal layered crystal structure. Our resistivity and magnetization measurements confirmed the bulk superconductivity with T c = 30 K. From the TF µSR we have determined the muon depolarization rate in FC mode associated with the vortex-lattice. The temperature dependence of σ sc fits better to two-gap model either isotropic s+s-wave or s+d-wave than a single gap isotropic s−wave, anisotropic s-wave or d-wave models. Our µSR analysis alone cannot distinguished between the s+s-and s+d-wave models, but combining the results of field dependent heat capacity, we conclude that the s+d-wave model is the best to explain observed behavior of σ sc (T ) and γ(H). Further, the value (for the larger gap) of 2∆ 1 (0)/k B T c = 4.29±0.01 obtained from the s+s-and s+d-wave gap models fit is larger than 3.53, expected for BCS superconductors, indicating the presence of strong coupling superconductivity in ThFeAsN. Moreover, two superconducting gaps have also been observed in the Fe-based families of superconductors and hence our observation of two gaps is in agreement with the general trend observed in Fe-based superconductors. Further confirmation of the presence of two gaps in ThFeAsN would require angle-resolved photoemission spectroscopy (ARPES) study on single crystals of ThFeAsN. The present results will help to develop a realistic theoretical model to understand the origin of superconductivity in ThFeAsN. 
